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Abstract - A technique has been devised which can provide insight into the local dynamic response of a flame to an 
acoustic field. In the experiments, a test chamber is acoustically excited by a pair of low frequency drivers. The 
response of the flame is visualized by planar laser-induced fluorescence (PLIF) of the hydroxyl (OH) radical, which is 
a good indicator for heat release in the flame. The resulting images are phase-locked and averaged to yield a 
qualitative picture of the fluctuation of the heat release. This is correlated with a pressure transducer near the flame, 
which allows stability to be evaluated using Rayleigh's criterion. Results indicate that the drive frequency and burner 
configuration have a pronounced effect on the response of the flame. Drive frequencies ranging from 22 Hz to 55 Hz 
are applied to the jet mixed burner, supplied with a premixed 50/50 mixture of methane and carbon dioxide at a 
Reynolds number of 20,000. The burner is operated in two configurations; with an aerodynamically stabilized flame, 
and with a flame stabilized by two protruding bluff-bodies. Results indicate that in general, the bluff-body stabilized 
flame is less sensitive to chamber acoustic excitation 
1 INTRODUCTION 
As emissions regulations continue to drive the gas 
turbine industry towards lean premixed operation, 
combustion instabilities have caused increased concern. 
Operating in the lean regime has the advantage of 
suppressing flame temperatures and lowering the 
production of thermal NO". The drawback is that 
combustors in the lean limit tend to exhibit unstable 
behavior more readily, and are highly sensitive to 
fluctuations in mixture ratio. 
The mechanisms causing combustion instabilities in 
gas turbine combustors are not well understood. 
Although similar in principle to a Rijke tube l (a heat-
driven acoustic oscillation), the added geometric 
complexities and injector configurations of a practical 
combustor make their dynamical behavior 
unpredictable. Current industry design techniques are 
largely empirical and not clearly defined in respect to 
combustion instabilities. Ultimately, industrial 
combustor designs are finalized without a clear measure 
of the stability margins of the system. A method for 
predicting and evaluating the stability characteristics for 
a given combustor configuration is required as part of 
the basis for more robust design. A central objective of 
our work is to develop such a method which if 
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successful would avoid the costs of troublesome 
designs after fabrication. 
In order to study the unsteady dynamics of a 
combustion chamber, a reliable technique to visualize 
the combustion processes and their response to an 
oscillating pressure field would be extremely useful. 
Two important techniques used to perform these 
measurements are chemiluminescence and planar laser-
induced fluorescence (PLIF). 
Chemiluminescence of the CH radical, an excellent 
marker for the reaction zone, has been used by a 
number of researchers to study heat release in an 
unsteady flame. They can be categorized into two 
groups; measurements using a PMT with a slit 
obscuring a portion of the flame to obtain some spatial 
(typically axial) resolution2.4, and fully two-
dimensional imaging using a CCD based camera.5-7 Of 
these works, one involved an acoustically forced 
flame3, but used a PMT with a slit configuration which 
obtained only integrated one-dimensional information. 
The first demonstration of 2D (planar) LIP of the 
hydroxyl radical in a flame was apparently performed 
by Dyer and Croslel in 1982. This technique has been 
used to measure a variety of chemical species in 
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Chemiluminescence PUF 
• Sterling and Zukoski • Cadouet.al.(1991) 
(1991) (188 Hz) (43 Hz) 
• Broda et. al. (1998) • Shih et. al. (1996) 
(1750 Hz) (400 Hz) 
Naturally 
• Kendrick et. aI. (1999) • Cadou et. al. (1998) 
Unsteady (235 Hz, 355 Hz) (328 Hz) 
• Venkataraman et. aI. 
(1999) (490 Hz) 
• Kappei et. al. (2000) 
(370-460 Hz) 
Acoustic • Chen et. al. (1993) (300 • Cadou et. al. (1998) 
Forcil!K Hz, 400Hz) (360 Hz, 420 Hz) 
Table 1: Previous Work in Oscillating Flames 
unsteady reacting flows, including OH as a measure of 
the heat release9,1Q, and fuel-seeded NO to measure the 
11 th , k temperature field. A summary of ese vanous wor .s 
involving both chemiluminescence and PUF IS 
provided in Table 1, including the acoustic frequencies 
in the studies .. 
While chemiluminescence measurements are much 
more convenient to apply since they do not require a 
costly laser pump source, they have several 
disadvantages. Chemiluminesence measurements 
cannot capture fine structures in the flame, since the 
signal is integrated through the depth of the flame. 
PUF images are taken on a very specific plane where 
the laser sheet illuminates the flame. Another 
disadvantage of chemiluminescence is that the signal 
strength is several orders of magnitude lowe~ than 
PUP. This will decrease the temporal resolutlOn of 
measurements, since longer integration times .are 
required to obtain sufficient signal strength. A tYPI~al 
integration time for a single shot uS1l1g 
chemiluminescence is approximately 250 ~s, versus 
200 ns when performing PUF. 
Most experimental work to characterize various 
combustor configurations has been done on natur~lly 
unstable systems.2,4-IO However, the results are speCifiC 
to the combustors tested, and provide little insight to 
how a particular injector or burner design wil.l behav~ in 
a different combustor. A study of the acoustic couphng 
between fuel injectors and an applied acoustic field has 
been carried out by Torgerl2, but only includes cold 
flow experiments. Work by Chen3 with premix~d 
flames was specifically designed to simulate sohd 
rocket propellants, contains only one-dimensio.nal 
spatial results, and used only two forcing frequencies. 
The study by Cadoull was based on a specific 2D dump 
combustor configuration, and showed little response to 
non-resonant forcing. A more generalized body of 
work is required to provide industry with guideli~es 
that will be useful in designing stable combustlOn 
systems. 
2 
Towards this end, a test section was constructed, 
(Alnsisting of a jet-mixed flame inside an acoustically 
forced chamber. The reaction zone of the flame is 
visualized by probing OH radicals, an intermediary in 
the combustion chemical reaction, with a planar laser-
induced fluorescence (PUF) system. This non-
intrusive technique has been well known to be an 
. I C fl . t 12-14 excellent analytical too lor arne enVlTonmen s. 
The PUF images are then processed and phase-
resolved by various post-processing codes. 
Although OH radicals have been used by other 
researchers16 as a marker of the reaction zone, there is 
some question as to its the validity, since OH is known 
. h' h d t '0 17,18 to persist 111 Ig temperature pro uc gas reg I ns .. 
However, in non-premixe~ flames, the C?H radlc~~ 
quickly vanishes on both Sides of the reactlOn zone. 
Since the burner configuration is only partially 
premixed in this study, we assume OH to be sufficient 
as an indicator for fuel burning. Work is in progress to 
apply PUF to CH radicals and chemiluminesce?ce for 
both OH and CH, all with the expenmental 
configuration used here. 
The purpose of this study is to demonstrate a 
technique that can be used as part of a method to assess 
stability margins over a range of frequencies for vari.ous 
burner designs. This technique provides suffiCient 
temporal and spatial resolution that can be used to 
improve predictive capabilities, and correlate 
experimental results with numerical simul~tions. A 
burner using a mixture of methane and CO2 IS operated 
in two configurations: aerodynamically stabilized; and 
stabilized with a bluff-body. The burner is subjected to 
a forced acoustic field, with frequencies ranging from 
22 Hz to 55 Hz. The configuration discussed here has 
been chosen to simulate a practical application. It 
serves as a relatively simple device for which the new 
diagnostics can be tested with minimal difficulties 
arising with the test apparatus. 
2 THEORY 
An analysis of combustion-driven oscillations will 
inevitably involve the well-known Rayleigh's criterion 
discussed by Lord Rayleigh20 in 1945. Following the 
development by Culick,21 it can be stated 
mathematically as 
-1 t+-r 
till = Y - f dV f p'q'dt (1) 
YP t 
where till is the incremental energy added to the 
acoustic field over a period 'r due to the coupling 
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between the fluctuating pressure, p/, and the fluctuating, 
heat release, q/. 
For the purposes of this work, equation (1) can be 
modified to yield a frequency-driven or forced 
Rayleigh index that has been non-dimensionalized and 
normalized to account for the driving pressure 
amplitude and period. The dependence on gas 
composition is also removed to give 
(2) 
where Pl7ns is the root-mean-square of the amplitude of 
the driving pressure wave, and q is the mean intensity 
of the heat release per unit volume. p/ is redefined as 
the driving pressure amplitude, and q/ becomes the 
fluctuation in heat release per unit volume. The time 
dependence has been normalized by the period of the 
driving acoustic wave, T, to give a non-dimensional 
time;. Rf can be applied globally to a system to yield a 
global frequency Rayleigh index, or over a series of 
small control volumes to produce a 2D map of the 
frequency Rayleigh index. 
3 EXPERIMENTAL SETUP 
The test section, shown in Figure 1, consists of three 
major components: the acoustic driving system; the 
acoustic cavity; and the burner section. 
The acoustic driving system is mounted above the 
acoustic cavity on the outer quartz tube. It consists of a 
large tubular stainless steel section in the shape of a 
cross, approximately 12/1 in diameter. The exhaust 
section is open to the atmosphere, providing an 
acoustically open exit condition. A pair of acoustic 
drivers are sealed to a pair of air jet film cooling rings 
(to prevent failure of the drivers), which are in turn 
sealed to opposite sides of the steel structure. The 
acoustic drivers are 12/1 subwoofers (Cerwin-Vega 
model Vega 124), with a sensitivity (1 W @ 1 m) of 94 
dB, and a continuous power handling capability of 400 
W. They are driven by a 1000 W power amplifier 
(Mackie M1400i) and a function generator (Wavetek 
171). Significant power is required to provide 
reasonable amplitude pressure oscillations. The 
amplitude of the fundamental driving mode is actively 
controlled by measuring the pressure in the acoustic 
chamber at the burner with a pressure transducer (pCB 
106B50), and appropriately scaling the power output of 
the speakers. 
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Figure 1: Schematic of Test Section 
The acoustic cavity consists of an aluminum ring, 
closed at the bottom end. It has two sets of inlet 
louvers cut on opposing sides to allow air to flow into 
the tube, while providing an acoustically closed end 
condition. A large diameter-matched quartz tube rests 
in a thin register on the aluminum ring, and extends for 
an additional 42". Quartz was used in order to 
withstand high flame temperatures, as well as to allow 
transmission of the ultraviolet laser sheet and 
fluorescence signal. The tube also has several laser-
drilled holes at various locations to provide 
instrumentation entry ports. 
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Figure 2: Aerodynamically Stabilized Burner 
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Figure 3: Bluff-Body Stabilized Burner 
The burner sections are shown in Figure 2 and 
Figure 3, in the two configurations used. This design 
allows for a variety of different flameholder 
configurations to be easily tested. Fuel for the burner is 
50% methane premixed with 50% CO2 gas to increase 
the mass flow. The premixer inlets for each gas are 
choked, in order to prevent disturbances from 
propagating upstream and affecting flow rates. ~igure .4 
provides details of the gas feed system. The IDlxture IS 
subsequently passed through a laminar flow element 
(Meriam Model 50MJlO Type 9) to measure the flow 
rate. It then exits the fuel spud and entrams 
atmospheric air into the stream. The volumetric flow 
rate through the spud is 2.14 SCFM, yielding a jet 
velocity of 30 mls (Re = 20,000). Each burner quartz 
tube has two 1/8" slits cut on opposite sides, in order to 
allow the laser sheet to pass through and illuminate the 
flame. The slits eliminate scattering and luminescence 
of the quartz tube caused by the laser sheet, which were 
interfering with the fluorescence signal. 
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Figure 4: Gas Feed System 
PLANAR LASER-INDUCED FLUORESCENCE OF OH 
The PLIF system is based on an Nd: YAG laser 
(Continuum Power lite 90lD) operating at 10 Hz, 
pumping a tunable dye laser (Continuum ND6000), 
which in turn drives a mixer/doubler system (U-oplaz) 
as in Figure 5. Use of Rhodamine 590 in the dye laser 
optimizes conversion efficiency near 564 nm, which is 
then doubled to approximately 282 nm to excite the 
(1,0) band22 of OH. Energy in excess of 30 mJ/pulse is 
easily provided by this system in the measurement 
volume. Laser energy is measured for each pulse by 
using a beam-splitter with an energy meter (Molectron 
J9LP). The detector for the fluorescence signal is an 
intensified CCD camera (Princeton Instruments ICCD-
MAX), using a 512x512 CCD (Thomson) array, 
operated with a gate width of 200 ns. Attached to the 
camera is a catadioptric UV lens, with a focal length of 
105mm and an f/# of 1.2. This results in a spatial 
resolution of 215 !lID x 215 !lID per pixel. The 
fluorescence signal is filtered by 2 rnm thick UG5 and 
WG305 Schott glass filters. A digital delay/pulse 
generator (Stanford Research Systems DG-535) 
controlled camera timing, which was synchronized to 
the laser pulse. 
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Figure 5: PLIF System 
5 DATA ANALYSIS 
PC based data 
acquisition. system 
By taking advantage of the periodic forcing of the 
chamber, and assuming that the flame responds 
accordingly in a periodic fashion, the PUF images can 
be phase-locked and averaged together, to generate the 
periodic response of the OH fluorescence in the flame. 
The oscillating pressure used to phase-lock the images 
is acquired by a pressure transducer located 8 cm above 
the fuel spud, in the zone where the flame is stabilized. 
Since the hydroxyl molecule is an intermediary of 
combustion, and thus an indicator for the reaction zone 
in the flame, this procedure yields a proportional 
measurement of the heat release over a period of the 
acoustic driving cycle. 
Due to the distributed nature of the flame under 
study and limitations on the ICCD camera's field of 
view, two sets of images were taken at each test 
condition at different heights. Each case contains a 
total of over 5000 images, phase-averaged into 36 
equally spaced bins. Statistics indicate an even 
distribution among the bins, with well over 100 images 
per bin. The background is subtracted in each bin to 
eliminate scattering effects from the laser; and 
corrections are made for variations in spatial and shot-
to-shot beam intensity. Images at the same phase but 
different heights are then matched geometrically, and 
their intensities adjusted to match in the overlap region 
using a least-squares minimization routine. 
5 
6 RESULTS 
Spatial integration of the images of the heat release 
gives a "global" heat release at each phase angle. 
Representative plots for the lowest driving frequency 
(22 Hz) are shown in Figure 6. 
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Figure 6: Pressure and Heat Release Traces at 22 
Hz (aerodynamically stabilized burner) 
Both traces contain much higher frequency content 
than the fundamental mode. This is especially evident 
in Figure 7, which plots the FFT's of the same signals. 
Limitations of the response of the acoustic drivers at 
low frequencies account for the excitation of higher 
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harmonics. Data at the 27 Hz condition show a similar, 
although largely attenuated effect. Once frequencies 
reach 32 Hz, the pressure traces are relatively clean, and 
show almost no harmonics. These effects are common 
for both the aerodynamically and bluff-body stabilized 
configurations. 
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Figure 7: FFT of Pressure and Heat Release for 
aerodynamic burner at 22 Hz 
Above 27 Hz, the traces of heat release are not as 
free of higher frequency content as the pressure traces, 
a result most clearly evident at 55 Hz. Figure 8 shows 
the ringing of higher frequency modes over the 
fundamental mode at this driving frequency. Again, 
this result is consistent for both flameholder 
configurations. 
6 
From the FFT of a particular condition, the 
frequencies of the pressure and heat release can be 
extracted, as well as their phase relationships. A 
representative plot is shown in Figure 9, displaying the 
relationship between the first and third modes of heat 
release and pressure. 
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Figure 8: Heat Release Trace for the 
aerodynamically stabilized burner at 55 Hz 
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Figure 9: Phase Relationships for the bluff-body 
stabilized burner at 27 Hz (magnitudes scaled for 
easy comparison). 
The phase information brings with it the ability to 
calculate Rf directly for the system, In order to evaluate 
contributions from modes other than the driving 
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frequency, Rr is calculated in two ways: directly from 
the pressure and heat transfer global response; and for a 
pressure signal which has been bandpass filtered about 
the fundamental driving frequency. The forced 
Rayleigh index is plotted in Figure 10. 
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Figure 10: Frequency-Driven Global Rayleigh Index 
for Aerodynamically and Bluff-Body 
Configurations, with and without filtering of the 1st 
Mode of Pressure. 
Another advantage of this technique is that spatial 
information for the heat release is obtained. Assuming 
a uniform pressure over the reaction zone at each phase, 
a 2D map of Rayleigh's Criterion can be computed. 
This will give insight into which zones in a particular 
configuration are more susceptible to acoustic 
oscillations. Figure 11 though Figure 20 display the 
computed contour plots for each case, using the filtered 
1 st mode pressure. Note that positive contours are solid 
lines, while the dashed lines indicate negative contours. 
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Figure 11: Contour Plot of Rr: Aerodynamically 
Stabilized Burner at a driving frequency of 22 Hz. 
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Figure 12: Contour Plot of Rr: Bluff-Body Stabilized 
Burner at a driving frequency of 22 Hz. 
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Figure 13: Contour Plot of Rr: Aerodynamically 
Stabilized Burner at a driving frequency of 27 Hz. 
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Figure 14: Contour Plot of Rr: Bluff-Body Stabilized 
Burner at a driving frequency of 27 Hz. (-- Rr > 0; 
--- Rr < 0) 
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Figure 15: Contour Plot of Rr: Aerodynamically 
Stabilized Burner at a driving frequency of 32 Hz. 
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Figure 16: Contour Plot of Rr: Bluff-Body Stabilized 
Burner at a driving frequency of 32 Hz. 
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Figure 17: Contour Plot of Rr: Aerodynamically 
Stabilized Burner at a driving frequency of 37 Hz. 
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Figure 18: Contour Plot of Rr: Bluff-Body Stabilized 
Burner at a driving frequency of 37 Hz. 
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Figure 19: Contour Plot of Rr: Aerodynamically 
Stabilized Burner at a driving frequency of 55 Hz. 
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Figure 20: Contour Plot of Rr: Bluff-Body Stabilized 
Burner at a driving frequency of 55 Hz. 
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7 DlSCUSSION AND CONCLUSIONS 
The large drop in the Rayleigh index (Figure 10) at 
37 Hz corresponds to the appearance of large negative 
regions which are readily viewed in Figure 17 and 
Figure 18. Other trends are similarly observed between 
the two global and 2D Rayleigh indices. In general, the 
bluff-body (1 st pressure mode filtered) stabilized 
configuration is less sensitive to changes in the acoustic 
tield than the corresponding aerodynamically stabilized 
counterpart. This manifests itself as a forced Rayleigh 
index with a lower magnitude. This does not hold at a 
drive frequency of 55 Hz, but examination of Figure 19 
and Figure 20 show the 2D Rayleigh Indices to be of 
very low magnitude throughout the flame. The flame 
therefore seems to be relatively insensitive to a driving 
frequency of 55 Hz. The 2D contour plots also indicate 
that in this case, the drive frequency dominates the 
dynamic response of the flame versus burner 
configuration. 
The technique presented in this work can potentially 
be used to directly measure the response of any 
optically accessible combustion system to an acoustic 
field. It has been applied to a jet-mixed burner in two 
configurations: an aerodynamically stabilized and a 
bluff-body stabilized design. Though differences 
between the burners are subtle, the bluff-body design 
appears to be slightly superior in terms of insensitivity 
to the acoustic field. This does not necessarily indicate 
a configuration less prone to combustion instabilities, 
since the aerodynamically stabilized burner has a lower 
Rayleigh index at a drive frequency of 37 Hz. Any 
assessment of the tendency for instabilities to appear 
must be based on analysis of the complete system, 
comprising the combustion dynamics and the dynamics 
of the combustor. 
The complexity of the jet-mixed burner is such that 
air entrainment rates and the degree of partial 
premixing are difficult to estimate. Although OH is 
presumed to be a valid marker for the reaction zone, 
this will be confirmed or denied by PLIF of CH23 in 
future work. 
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